Chlamydiae are evolutionarily well-separated bacteria that live exclusively within eukaryotic host cells. They include important human pathogens such as Chlamydia trachomatis as well as symbionts of protozoa. As these bacteria are experimentally challenging and genetically intractable, our knowledge about them is still limited. In this study, we obtained the genome sequences of Simkania negevensis Z, Waddlia chondrophila 2032/99, and Parachlamydia acanthamoebae UV-7. This enabled us to perform the first comprehensive comparative and phylogenomic analysis of representative members of four major families of the Chlamydiae, including the Chlamydiaceae. We identified a surprisingly large core gene set present in all genomes and a high number of diverse accessory genes in those Chlamydiae that do not primarily infect humans or animals, including a chemosensory system in P. acanthamoebae and a type IV secretion system. In S. negevensis, the type IV secretion system is encoded on a large conjugative plasmid (pSn, 132 kb). Phylogenetic analyses suggested that a plasmid similar to the S. negevensis plasmid was originally acquired by the last common ancestor of all four families and that it was subsequently reduced, integrated into the chromosome, or lost during diversification, ultimately giving rise to the extant virulence-associated plasmid of pathogenic chlamydiae. Other virulence factors, including a type III secretion system, are conserved among the Chlamydiae to variable degrees and together with differences in the composition of the cell wall reflect adaptation to different host cells including convergent evolution among the four chlamydial families. Phylogenomic analysis focusing on chlamydial proteins with homology to plant proteins provided evidence for the acquisition of 53 chlamydial genes by a plant progenitor, lending further support for the hypothesis of an early interaction between a chlamydial ancestor and the primary photosynthetic eukaryote.
Introduction
Chlamydiae (Chlamydiales) have traditionally been viewed as a small group of highly successful bacterial pathogens of humans and animals. Two members of the family Chlamydiaceae, Chlamydia trachomatis and Chlamydia (aka Chlamydophila) pneumoniae, are among the best known bacterial pathogens. Chlamydia trachomatis is responsible for more than 90 million trachoma cases each year worldwide and also represents the most frequently sexually transmitted bacterial pathogen (World Health Organization 2001 , 2008 . Chlamydia pneumoniae is the cause of up to 10% of community-acquired pneumonia cases and is putatively associated with a number of chronic diseases such as arteriosclerosis (Mahony et al. 2003) . Chlamydiae have a remarkably broad host range and diversity. The phylum Chlamydiae is evolutionarily well separated from all other bacteria and consists of at least eight families. In addition, there is evidence for an even greater, previously unseen diversity of the Chlamydiae (Corsaro et al. 2003; Horn 2008) .
All Chlamydiae infect eukaryotic host cells, which are required for replication, and there is no close free-living relative known. This obligate intracellular lifestyle is facilitated by a characteristic developmental cycle consisting of two morphologically and physiologically distinct stages. The elementary body (EB) functions mainly to survive the extracellular environment andtoinfectnewhostcells.Uponinfection,theEBdifferentiates to a reticulate body (RB) that multiplies inside a host-derived vacuole. The developmental cycle is completed when the RBs convert back to EBs, which are set free by host cell lysis or exocytosis in order to start a new round of infection.
The discovery of Chlamydiae that are not primarily pathogens of humans but also occur as symbionts or pathogens in other hosts opened up new possibilities to investigate the evolution of this unique group of bacteria, their intracellular lifestyle, and their adaptation to different eukaryotic hosts (Horn 2008) . In this study, we sequenced and compared the genomes of representatives of three major families within the Chlamydiae: Simkaniaceae, Parachlamydiaceae, and Waddliaceae. Simkania negevensis Z was originally discovered as a contaminant of a human cell culture and was later proposed to be a new emerging pathogen causing respiratory infections (Kahane et al. 1993; Friedman et al. 2003) . Parachlamydia acanthamoebae UV-7 primarily lives in amoebae but may also be associated with disease in humans (Greub and Raoult 2002; Collingro et al. 2005) . Waddlia chondrophila 2032/99 was isolated from an aborted bovine fetus and subsequently implicated in abortion in humans (Henning et al. 2002; Baud et al. 2008) . In contrast to the Chlamydiaceae, Simkania, Parachlamydia, and Waddlia all grow well in amoebae, which might therefore represent their natural hosts and reservoir.
The availability of these genome sequences and the comparison with other available chlamydial genome sequences allowed a comprehensive overview of genomic diversity among the Chlamydiae. Here we describe and discuss aspects of their pan-genome. We used these data to trace the phylogenetic relationships among the Chlamydiae and to track down evolutionary ancient traits of this important phylum. We show that despite many evolutionarily well-conserved features, members of the Chlamydiae show both divergent and convergent adaptations to their intracellular life in different eukaryotic hosts.
Materials and Methods

Preparation of Genomic DNA
Simkania negevensis Z was grown on Vero cells, and EBs were purified on Renografin gradients as described previously (Kahane et al. 1999 (Kahane et al. , 2001 ). For preparation of high molecular weight DNA, EBs were suspended in TE buffer with 50 mM dithiothreitol and incubated at 37°C for 1 h and then further incubated at 37°C for 1 h in the presence of 1% NP-40 and DNase-free RNase at 0.5 mg/ml. Proteinase K was added to a final concentration of 0.2 mg/ml and incubated overnight at 37°C. The suspension was extracted with phenol saturated in TE buffer and then with phenol-chloroform-isoamyl alcohol (24:24:1 by volume) followed by dialysis at 4°C against 2xSSC buffer (0.15 M NaCl, 15 mM sodium citrate, pH 7.0).
Parachlamydia acanthamoebae UV-7 was cultured in Acanthamoebae sp. UWC1 in trypticase soy yeast extract medium (Collingro et al. 2005) . EBs were harvested and purified by step gradient density centrifugation including repeated DNase (20 mg/ml) and RNase (20 mg/ml) treatments at 37°C for 45-90 min (Heinz, Pichler, et al. 2010 ). High molecular weight genomic DNA was isolated from purified EBs by UNSET lysis, phenol-chloroform extraction, and ethanol precipitation as described previously (Hugo et al. 1992; Horn et al. 1999) .
Waddlia chondrophila 2032/99 (Henning et al. 2002) was cultured in Buffalo Green Monkey kidney cells in Nephros LP medium (BioWhittaker Europe S.P.R.L.) at 37°C and 5% CO 2 in a fully humidified cabinet for 3 days. Cells were harvested using a cell scraper, and the suspension was centrifuged at 2,000 Â g and 4°C for 15 min to remove host cell debris. Subsequently, the supernatant was centrifuged at 20,000 Â g and 4°C for 40 min. The pellet was resuspended in phosphate buffered saline and subjected to DNA extraction using the High Pure PCR Template Preparation Kit (Roche Diagnostics).
Genome Sequencing
The complete genome sequences of S. negevensis Z and P. acanthamoebae UV-7 and a draft genome sequence of W. chondrophila 2032/99 were determined using the wholegenome shotgun method ). For S. negevensis and P. acanthamoebae, physical and sequencing gaps were closed using a combination of primer walking, generation, and sequencing of transposon-tagged libraries of large-insert clones and multiplex PCR (Tettelin et al. 2001) . The coverage of the sequenced genomes was 8-16Â.
Genome Annotation and Analysis
The PEDANT software system was used for genome sequence analysis (Frishman et al. 2001) . Prediction of coding sequences (CDSs) was performed with GeneMarkS (Besemer et al. 2001 ) and a minimal length of predicted CDSs of 42 nucleotides. CDSs were assigned to the National Center for Biotechnology Information (NCBI) clusters of orthologous group (COG) catalogue (Tatusov et al. 2003) by PEDANT. Biochemical pathway prediction and reconstruction was performed using KEGG (Wixon and Kell 2000) . Transfer RNA (tRNA) genes were identified with tRNAscan-SE (Lowe and Eddy 1997) . Noncoding RNAs were identified by search against Rfam (Gardner et al. 2009 ) and inspected manually. Eukaryotic domains in predicted proteins were identified using the precalculated lists of eukaryotic-like domains at effectors.org (Jehl et al. 2011 ) and the search for InterPro signatures (Hunter et al. 2009 ) as provided by the PEDANT program.
Identification of Putative Inc Proteins
A hydrophilicity profile using the Kyte-Doolittle method with a window size of seven was generated in the program MacVector (Rastogi 2000) for all proteins with hypothetical function and without a signal peptide determined by SignalP prediction (Bendtsen et al. 2004) . Hydrophilicity plots were analyzed manually, and all proteins with a dominant bilobed hydrophobic domain (Bannantine et al. 2000) were designated candidate Incs. Coiled-coil regions were determined by the program MARCOIL (http://www.isrec.isb-sib. ch/webmarcoil/webmarcoilC1.html) (Delorenzi and Speed 2002) and the program COILS (http://www.ch.embnet.org/ software/COILS_form.html) (Lupas et al. 1991) . Cluster analysis was performed with the program PRIMER 5.0 (Primer-e Ltd) based on a presence/absence Bray-Curtis similarity matrix by complete linkage (Bray and Curtis 1957) . . Clusters of orthologues were determined using SIMAP and bidirectional best basic local alignment search tool (BLAST) hits (BBH) with a cutoff value of 1 Â 10 À10 ). The clustering process was performed using an in-house software from the SIMAP project. The clustering process is equivalent to the procedure described for the NCBI COGs (Tatusov et al. 2003) , with the only difference that fused proteins were not split but formed individual COGs. The obtained clusters of orthologues were classified with respect to the presence of proteins from each of the included chlamydial proteomes, sorted using an in-house program, and subsequently inspected manually. The affiliation of chlamydial proteins to the NCBI COG catalogue was used for functional classification. Proteins specific to the Chlamydiae were identified by homology search against the SIMAP database ) including all cellular organisms using a maximum E-value of 1.0 Â 10
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, a minimal identity of 20%, and a minimal length ratio of both proteins of 0.5 (i.e., 50% of the lengths of both proteins required to be part of the alignments).Theproteinswereinspectedmanuallyafterextraction using BLAST against the GenBank database.
Genome-Based Phylogenetic Analysis
Thirty-seven conserved proteins (supplementary table S1, Supplementary Material online) were used for phylogenetic analyses. Protein sequences were extracted from GenBank using genomic BLAST (Cummings et al. 2002) and BLAST (Altschul et al. 1990 ) searches against the genome databases of S. negevensis Z, W. chondrophila 2032/99, and P. acanthamoebae UV-7. Alignments were performed using MAFFT version 6 (Katoh et al. 2009 ). Concatenation of multiple alignments was performed using an in-house program. A phylogenetic tree considering 5,831 amino acid positions was constructed using RAxML version 7.0.0 and 1,000 bootstrap samples (parameters -m PROTGAM-MAJTT -x 12345 -N 1000 -f a) (Stamatakis 2006) . In addition, the concatenated alignment was imported into the ARB program (Ludwig et al. 2004 ). Trees obtained with the neighbor joining and maximum likelihood treeing methods including Tree-Puzzle (Schmidt et al. 2002) implemented in ARB were consistent with the RAxML-inferred tree topology.
Phylogeny of Proteins of the Type III Secretion Apparatus
Protein sequences of the T3S apparatus were obtained using genomic BLAST searches, aligned with MAFFT, and two conserved proteins from each genomic island (SctVU, SctJT, and SctNQ) were concatenated. Phylogenetic analyses were performed with MrBayes 3.1 (Ronquist and Huelsenbeck 2003) using the mixed amino acid model and standard settings. For SctVU, 1,500,000 generations with a final standard deviation of 0.0061, for SctJT 800,000 generations with a final standard deviation of 0.0096, and for SctNQ 1,000,000 generations with a final standard deviation of 0.0028 were performed.
Phylogeny of Plasmid Proteins
For phylogenetic analysis of T4S apparatus proteins TraUNF, protein sequences were obtained using genomic BLAST searches and the respective proteins conserved in S. negevensis, P. amoebophila, and P. acanthamoebae UV-7. Proteins were aligned with MAFFT and concatenated. A filter using only amino acid positions conserved in at least 15% of all used sequences was generated with the ARB program package (Ludwig et al. 2004 ). MrBayes 3.1 (Ronquist and Huelsenbeck 2003) applying the mixed amino acid model and standard settings was used for phylogenetic calculations (200,000 generations, standard deviation 0.0013). Phylogenetic analysis of other plasmid-encoded proteins (pGP1-D, pGP5-D, and pGP6-D) was performed using MAFFT alignments and PhyML (Guindon and Gascuel 2003) available at the Mobyle portal of the Institut Pasteur (http://mobyle.pasteur.fr/cgi-bin/portal.py?form5phyml) with standard settings and 1,000 bootstraps.
Phylogeny of MOMP and MOMP-Like Proteins
Phylogenetic analysis of major outer membrane proteins (MOMPs) and MOMP-like proteins was performed using a MAFFT alignment and MrBayes 3.1 (Ronquist and Huelsenbeck 2003) applying the mixed amino acid model and standard settings (1,800,000 generations with a final standard deviation of 0.098).
Chlamydial Orthologues in Plants
To identify chlamydial proteins sharing a common evolutionary origin with plant proteins, we calculated phylogenetic trees for each protein encoded in the genomes of S. negevensis Z, W. chondrophila 2032/99, P. acanthamoebae UV-7, and P. amoebophila UWE25 using the fully automated software PhyloGenie (Frickey and Lupas 2004) . The reference database for PhyloGenie was generated from all bacterial and archaeal genomes available in the NCBI RefSeq database in September 2009 (Pruitt et al. 2007 ) and from additional 41 genome sequences of eukaryotes available in SIMAP (supplementary table S9, Supplementary Material online). Taxon names in the Genomic Diversity of the Chlamydiae · doi:10.1093/molbev/msr161 reference database and the NCBI taxonomy database were edited to remove characters that control the structure of tree files in the Newick format. The PhyloGenie software was executed for each query protein using default parameters with modifications -blammerparams5-taxid f. For the BLAST calculations in PhyloGenie, NCBI BLAST (version 2.2.19) was used. Protein phylogenies were calculated with RAxML using the gamma JTT model with rapid bootstrapping and 100 bootstraps (parameters -m PROTGAMMAJTT -N 100 -f a) (Stamatakis et al. 2005) on the basis of full or partial automatic alignments produced by the BLAMMER program included in PhyloGenie. The obtained phylogenetic trees were postprocessed by an in-house script, which sorted all operational taxonomic units according to their distances in the tree to the query protein. All trees showing lowest distance values for Chlamydiae and Plantae (Viridiplantae and Rhodophyta) proteins were inspected manually, and only trees with bootstrap support values above 70% for the monophyly of Chlamydiae and Plantae were considered. Subcellular locations of plant homologs were predicted with WoLF PSORT (Horton et al. 2007 ), TargetP 1.1, and ChloroP 1.1 (Emanuelsson et al. 2007 ).
Data Deposition
The genome sequences were deposited at EMBL/GenBank/ DDBJ (accession numbers FR872580, FR872581, FR872582, and FR872583-FR872668), the PEDANT database (http://pedant. gsf.de), and chlamydiaeDB (http://www.chlamydiaedb.org/).
Results and Discussion
Genome Features
The main features of the genomes analyzed here including selected known chlamydial genomes are summarized in table 1 (Horn et al. 2004; Greub et al. 2009; Bertelli et al. 2010) . The closed genome sequences of Simkania and Parachlamydia contain 2,519 and 2,788 predicted CDSs. The draft genome sequence of Waddlia contains 2,028 predicted CDSs (on 86 contigs). The most noticeable feature of the Simkania, Parachlamydia, and Waddlia genomes is the 2-to 3-fold larger genome size compared with the Chlamydiaceae ( fig. 1 ; Stephens et al. 1998; Kalman et al. 1999; Read et al. 2000 Read et al. , 2003 Carlson et al. 2005) . As typical intracellular bacteria, the genome sizes of the Chlamydiaceae are small (1 Mb) and highly reduced in gene content. Although genome reduction generally correlates with a decrease in the genomic G þ C content (Sällström and Andersson 2005; Gómez-Valero et al. 2007; Moran et al. 2008) , the G þ C content of the Chlamydiae is approximately 40% regardless of genome size ( fig. 1 ).
Genome-Based Phylogeny of the Chlamydiae
Although relationships among the Chlamydiae are traditionally inferred based on phylogenetic analysis of 16S ribosomal RNA (rRNA) sequences, this has become increasingly difficult with accumulating sequence data. Currently, using 16S rRNA phylogenetic analysis alone, it is not possible to reliably determine the branching order of the diverse chlamydial families. Therefore, we used a set of 37 ribosomal and other phylogenetic marker proteins (supplementary table S1, Supplementary Material online) comprising in total 5,831 amino acid positions to trace the evolutionary history of the Chlamydiae. Based on this analysis, the closest relatives of the Chlamydiae are the Verrucomicrobia and the Lentisphaera (Wagner and Horn 2006; Kamneva et al. 2010) , comprising mainly free-living microorganisms ( fig. 2) . Within the Chlamydiae, the Chlamydiaceae branch most deeply, that is, they split first and evolved independently from the other chlamydial families. The next split occurs between the Simkaniaceae and the common ancestor of the Waddliaceae and the Parachlamydiaceae, which subsequently split into the two families. This scenario is also largely supported in the phylogeny of the chlamydial type III and type IV secretion systems (see below).
Members of the Chlamydiaceae are notable for their degree of genome conservation with high genomic synteny (Stephens et al. 1998; Kalman et al. 1999; Read et al. 2000 Read et al. , 2003 Carlson et al. 2005) . Little to no synteny is observed within the Parachlamydiaceae and between the Simkaniaceae, Parachlamydiaceae, and Waddliaceae when compared with the Chlamydiaceae (supplementary fig. S1 , Supplementary Material online). This lack of synteny reflects the evolutionary distance between these families and their different evolutionary trajectories as symbionts of protozoa and pathogens of animals.
The Pan-Genome of the Chlamydiae Given the low degree of synteny and in order to determine the similarities and differences of the Chlamydiae on a genomic level, we performed a clustering analysis of orthologous groups of proteins based on BBH (using a cutoff E-value of 1.0 Â 10 À10 ) using representatives of all available complete chlamydial genome sequences. This analysis provided an overview of the chlamydial pan-genome, which describes the full complement of their genes. It served to determine features conserved among all Chlamydiae or specific to individual evolutionary lineages. Despite the family-level divergence, a surprisingly large number (n 5 560) of genes are shared by all Chlamydiae representing the core gene set ( fig. 3 ). This corresponds to approximately half of the genes encoded in the genomes of the Chlamydiaceae. On the other hand, this core genome is expanded by a high number of genus-and family-specific genes, reflecting the differences in genome size and illustrating the genomic variability of the Chlamydiae.
The Chlamydial Core Gene Set
The set of 560 core genes of the Chlamydiae comprises mainly housekeeping genes. It also contains members of all 100 COGs (according to the NCBI COG catalogue; Tatusov et al. 2003) , which are conserved in 99% among all intracellular bacteria (Merhej et al. 2009 ). Many (122) of the 560 core genes cannot be assigned to an NCBI COG or their function is unknown (NCBI COG codes R and S). Using a maximum E-value of 1.0 Â 10 À04 , a minimal identity of 20%, and a minimal length ratio of both proteins of 0.5, only 27 core genes are specific for the Chlamydiae and are not present in any other cellular organism sequenced so far (supplementary table S2, Supplementary Material online).
A pan-genome typically describes the full complement of genes in a bacterial species, incorporating all known strains. Here we were able to expand the pan-genome concept to a higher taxonomic grouping, the phylum Chlamydiae (order Chlamydiales), and still found more than 500 conserved core genes. This could be explained by evolutionary ''bottlenecks'' related to the largely conserved chlamydial developmental cycle and the intracellular lifestyle (Stephens et al. 2009 ). Genes presumably important for these hallmark features are likely to be present within this core gene set, and many will be found among the 122 clusters containing hypothetical genes pending further characterization.
Orthologs Shared by Simkania, Waddlia, and Parachlamydiaceae
Given the large genome size of Simkania, Waddlia, and Parachlamydiaceae (represented by the amoeba symbionts P. amoebophila and P. acanthamoebae) compared with the Other shared proteins are involved in central metabolic processes enabling greater biosynthetic diversity and versatility in responding to changing environmental conditions compared with the Chlamydiaceae. This observation agrees well with amoebae being natural reservoirs for Simkania, Waddlia, and the Parachlamydiaceae and providing a far less homeostatic environment than multicellular organisms. For example, a glucokinase allows phosphorylation of glucose enabling independence from host-derived phosphorylated glucose. The tricarboxylic acid cycle enzymes aconitate hydratase (AcnB), isocitrate dehydrogenase (Icd), and citrate synthase (GltA) are present, enabling regeneration of nicotinamide adenine dinucleotide (phosphate). In addition, several amino acid synthesis pathways and the folate biosynthesis pathway are more complete than in the Chlamydiaceae. There is also an entire gene set for production of menaquinone (menA-F), which can be used in the quinone pool during oxidative phosphorylation instead of host-derived ubiquinone. A possible reason for the observed more complete metabolic networks in Simkania, Waddlia, and Parachlamydiaceae might also be a less strict or more recent obligate association with the host compared with the Chlamydiaceae. In view of the evidence for an ancient obligate intracellular lifestyle of the chlamydial progenitor, this alternative explanation might, however, be less likely than the requirement to cope with changing environmental conditions and different host cells. Simkania, Waddlia, and the Parachlamydiaceae show high numbers of species-specific proteins (between 595 and 1,340 proteins, respectively; fig. 3 , supplementary tables S5-S8, Supplementary Material online). The majority of these proteins (69-82%) are uncharacterized proteins of unknown function. Among the species-specific proteins for which a function can be inferred, many are involved in transport and metabolism, indicating species-specific adaptations with respect to metabolic host dependency. For example, Simkania encodes complete NAD þ and tryptophan synthesis pathways, both of which are fully or partially absent in all other Chlamydiae.
A Chemosensory System in Parachlamydia
Another remarkable set of species-specific proteins can be found in Parachlamydia. In contrast to all other Chlamydiae, Parachlamydia encodes a minimal chemotaxis system similar to the Escherichia coli system (supplementary table S9, Supplementary Material online) (Szurmant and Ordal 2004) . The 15 proteins belonging to this system include methyl-accepting chemotaxis proteins (MCPs) as well as coupling proteins, histidine kinases, a response regulator, a methyltransferase, and a methylesterase. The respective functional domains are present and conserved in all these proteins Wuichet et al. 2007) . That the genes encoding these proteins are undisrupted by mutation suggests that they are fully functional. Consistent with this notion, we could detect transcription of 12 chemotaxis genes (exceptmcp1,cheA2,andcheW2;notshown)duringgrowthof P. acanthamoebae UV-7 in its amoeba host, suggesting that they are required during intracellular growth. However, since Parachlamydia does not encode any flagellar motor proteins and as chemotaxis inside its unicellular host is dispensable, the role of this system in Parachlamydia is unclear. Most microorganismscapableofchemotaxisalsoemployproteinshomologous to the chemotaxis system known as chemosensory systems (Kirby 2009 ). These systems are used for temporal regulation of signal transduction for other purposes, such as prokaryotic cell differentiation in Myxococcus xanthus or exopolysaccharide production in Pseudomonas aeruginosa (Kirby 2009 ). To our knowledge, the presence of a chemosensory system in the absence of a flagellar motor has not been described so far, and it remains to be determined how widespread this situation is among other prokaryotes. For Parachlamydia, it is not possible to distinguish between an origin of this system from a free-living and motile chlamydial ancestor (and subsequent loss in all other chlamydial lineages) or acquisition by lateral gene transfer (possibly in two independent events from Cyanobacteria and Clostridia as suggested by sequence homology to the respective chemotaxis genes in these bacteria).
The Chlamydial Type III Secretion System Mechanisms for host cell interaction are conserved to varying degrees among the Chlamydiae. In the following, we discuss the occurrence of important recognized Chlamydiaceae virulence factors in Simkania, Parachlamydia, and Waddlia. Chlamydiae secrete effector proteins for interaction with their respective host cells via a type III secretion (T3S) system (Peters et al. 2007; Beeckman and Vanrompay 2009) . Most structural components of this apparatus are also encoded in the Simkania, Parachlamydia, and Waddlia genomes ( fig. 4 ; supplementary text, Supplementary Material online). In addition to the full set of genes for T3S structural components, the Chlamydiaceae genomes encode some homologs of the flagellar apparatus (FliF, FliI, and FlhA), which might be important for bacterial replication and/or intracellular survival (Peters et al. 2007; Stone et al. 2010) . These genes are missing in all other chlamydial genomes.
In contrast to proteobacterial T3S genes, chlamydial T3S genes are organized in multiple regions distributed around the genome (Horn et al. 2004; Peters et al. 2007; Bertelli et al. 2010 ). This organization is also observed in the genomes reported here ( fig. 4A ). Consistent with this distribution and unlike the Proteobacteria, there is no evidence for lateral gene transfer of chlamydial T3S components, suggesting that the T3S system was present already in the last common ancestor of all Chlamydiae (Horn et al. 2004) . To further investigate this hypothesis, we performed phylogenetic analyses with two structural T3S proteins from each of three genomic T3S regions. This analysis supported with high confidence a common ancestry of all chlamydial T3S systems ( fig. 4B-D) . The trees mostly recapitulate and confirm the chlamydial phylogeny determined using rRNA genes and 37 conserved proteins, respectively ( fig. 2) . Interestingly, the monophyly of the Parachlamydiaceae comprising P. acanthamoebae and P. amoebophila is not well supported in the SctNQ trees ( fig. 4D) , and in the SctJT-based trees ( fig. 4C ), Parachlamydia clusters together with Waddlia. This pattern could be explained by an ancient exchange of the genomic T3S region encoding SctJT between ancestors of Waddlia and Parachlamydia. Alternatively, this might indicate a lack of phylogenetic resolution with respect to the T3S system of the Parachlamydiaceae and Waddlia.
Type III Effector Proteins
Many of the proteins secretedby the T3S pathwayare proteins targeted to the host-derived membrane encapsulating the chlamydiae inside their host cell termed the inclusion membrane (Rockey et al. 2002) . Located directly at the interface between host and bacteria, these inclusion membrane proteins (Incs), which have virtually no homologs in any other microorganism, are likely candidates for manipulation of the eukaryotic cell. Characterized Inc proteins function in the fusion of chlamydial inclusions, the interaction with host proteins, interference with host cell cytokinesis, and inhibition of NFkappaB activation (Hackstadt et al. 1999; Delevoye et al. 2004; Cortes et al. 2007; Alzhanov et al. 2009; Wolf et al. 2009 ). Although Inc proteins do neither show a common sequence motif nor consistent sequence similarities, most Inc proteins share a characteristic large bilobed hydrophobic domain in hydropathy plots (Rockey et al. 2002) . This conserved feature was recently used to identify novel Inc proteins in Protochlamydia (Heinz, Rockey, et al. 2010) . By employing this approach, we identified 120 putative Inc proteins in the genomes of Parachlamydia (n 5 38), Simkania (n 5 41), and Waddlia (n 5 41). Only three putative Inc proteins are conserved throughout all Chlamydiae. Cluster analysis of putative Inc proteins demonstrated great differences between the members of the Chlamydiaceae and all other chlamydial families (20% Bray-Curtis similarity). The two members of the Parachlamydiaceae were less than 50% similar in terms of their Inc proteins (supplementary fig. S2 , Supplementary Material online). The pronounced differences among the Chlamydiae with respect to Inc proteins indicate that their function as virulence factors is likely to be dependent on the host cell type. Interestingly, Parachlamydia and Waddlia grouped together in this cluster analysis to the exclusion of Protochlamydia. This fits well with the observation that Protochlamydia seems unable to infect mammalian cells, whereas Simkania, Waddlia, and Parachlamydia can enter and multiply in mammalian cells, albeit with varying efficiencies (Kahane et al. 1999; Henning et al. 2002; Greub et al. 2003) .
We noted an enrichment of coiled-coil domains among the putative Inc proteins, which contained up to eight coiled-coil domains of more than 200 amino acids. Coiled-coil proteins are very common in eukaryotic organisms and perform a wide variety of functions, including important structural roles in the cytoskeleton as well as in eukaryotic membrane fusion processes. The overrepresentation of this domain in Inc proteins supports a role for many of these proteins in the interaction with the host cell such as manipulation of the cytoskeleton or interactions with the Golgi complex (Carabeo et al. 2003; Delevoye et al. 2008) .
In addition to Inc proteins, several other T3S effectors of the Chlamydiaceae are known to be secreted into the host cell or the chlamydial inclusion (Beeckman and Vanrompay 2009) . Some of these proteins are also encoded in the Waddlia, Simkania, Parachlamydia, or Protochlamydia genomes (table 2, supplementary text and table S10 , Supplementary Material online). For example, the Ser/Thr kinase PknD, which seems to play a major role in chlamydial growth (Johnson et al. 2009 ), the Ser/Thr protease Pkn5, and the negative regulator of the T3S system SctW (CopN) are present. Other important effectors like CADD, translocated actin-recruiting phosphoprotein (Tarp), Cap1, and CrpA are missing in all Chlamydiae other than the Chlamydiaceae. Thus, although the structural components of the chlamydial T3S pathway are highly conserved, there is considerable variability among secreted effector proteins (table  2) . This diversity of secreted effectors reflects the diversity of chlamydial host cells and indicates that they are important for niche differentiation.
Other Known Chlamydiaceae Virulence Genes A number of proteins associated with virulence in the Chlamydiaceae are also present in Simkania, Parachlamydia, and Waddlia (table 2, supplementary table S10 , Supplementary Material online). These comprise homologs of the general stress response proteins DnaK, GroEL, and GroES as well as the chromosome condensation protein HctA. Present in all chlamydial genomes are a temperature-activated serine protease specific for unfolded proteins (HtrA) (Huston et al. 2007 ), the tail-specific protease (Tsp), which degrades p65 protein during host cell immune response (Lad et al. 2007) , and the Chlamydia plasmid protein pGP6-D that stimulates the host's T-cell response (Olsen et al. 2007 ).
Interestingly in Simkania, a homolog of the Chlamydia protease-like activity factor (CPAF) is missing, whereas a homolog is present in Waddlia and the Parachlamydiaceae. This protein is unique and was considered ubiquitous to the Chlamydiae. It was identified as a key virulence factor of the Chlamydiaceae and interferes with major histocompatibility complex expression, the apoptosis pathway, and proinflammatory signaling of the host cell (Christian et al. 2010; Huston 2010) . Even a search for remote homology using hidden Markov models generated using known CPAF sequences did not reveal any similar sequence (or even remnants) of CPAF in Simkania. However, two proteins showing homology to Tsp and containing the S41 peptidase domain present in all CPAF proteins are encoded in the Simkania genome; it is an open question whether these would be able to compensate the central functions of CPAF (supplementary table S10, Supplementary Material online).
Simkania encodes some virulence factors in common with the Chlamydiaceae that are absent in Waddlia and the Parachlamydiaceae, including a protein that shows similarity to ChlaDub2, a deubiquitinating and deneddylating cysteine protease (Misaghi et al. 2006) , and two homologs of the major outer membrane protein (table 2) .
Among known factors important for pathogenicity of the Chlamydiaceae and missing in all analyzed genomes are the Tarp that recruits actin of the host cell to modulate entry tononphagocyticcells (Jewett etal.2006 )(table2,supplementary table S10, Supplementary Material online). This suggests that the host cell entry mechanisms of Chlamydiaceae and other members of the Chlamydiae are distinct. Also other factors required for evasion of the host cell immune system (Cap1) or modulation of host cell apoptosis (CADD) are missing in Simkania, Waddlia, and the Parachlamydiaceae. Since there is some evidence for a possible pathogenicity of these chlamydiae (Greub and Raoult 2002; Friedman et al. 2003) , the lack of these important proteins indicates that they either use alternative mechanisms or that they are not specifically adapted for evasion of the human immune response.
The Chlamydial Outer Membrane
The chlamydial outer membrane is crucial for adhesion and invasion of host cells. The Chlamydiaceae possess a unique outer membrane complex (OMC), whose composition changes during the developmental cycle and plays an important role in chlamydial pathogenicity (Hatch 1999) . Many of the proteins identified in the OMC of the Chlamydiaceae such as porin B (PorB), OprB, and most polymorphic outer membrane proteins (Pmps) (Birkelund et al. 2009; Liu et al. 2010) have no homologs in Simkania, Waddlia, and the Parachlamydiaceae. Nevertheless, some proteins of the Chlamydiaceae OMC can be found in all members of the Chlamydiae (supplementary table S11, Supplementary Material online).
The main component of the OMC of the Chlamydiaceae is the major outer membrane protein MOMP (OmpA), which is a major antigen and functions as a large porin Genomic Diversity of the Chlamydiae · doi:10.1093/molbev/msr161 (Sun et al. 2007 ). In Simkania, two MOMP homologs are present. They show highest similarity to MOMPs of veterinary Chlamydia species (26-30% identity). In addition, a large number of more divergent MOMP-like proteins was previously observed in Waddlia (n 5 11) (Bertelli et al. 2010) , which are related to the major outer membrane proteins of Legionella species and other proteins from freeliving bacteria (supplementary fig. S3 , Supplementary Material online). Interestingly, Simkania encodes an even higher number of MOMP-like proteins (n 5 35), which (with one exception) have evolved independently from MOMP-like proteins of Waddlia. MOMP and MOMP-like proteins are notably absent in Protochlamydia and rare in the Parachlamydia (supplementary table S11, Supplementary Material online), suggesting that proliferation and diversification of MOMP-like proteins occurred mainly in Waddlia and Simkania. In Protochlamydia, MOMP appears to be functionally replaced by a group of putative porins that show structural but no sequence similarity with MOMP and hence are the result of convergent evolution (Heinz et al. 2009; Heinz, Pichler, et al. 2010) . The OMC of the Chlamydiaceae is characterized by cross-linkage via disulfide bridges. These are mainly formed by the two cysteine-rich proteins OmcA (Omp3) and OmcB (Omp2). The large cysteine-rich protein OmcB is present in all Chlamydiae except Simkania. The small cysteine-rich protein OmcA was found in Protochlamydia based on gene neighborhood and compositional analysis and was confirmed experimentally (Horn et al. 2004; Heinz, Pichler, et al. 2010) . No OmcA homolog was identified in Simkania, Parachlamydia, and Waddlia.
Polymorphic membrane proteins are an expanded family of outer membrane proteins of the Chlamydiaceae implicated in pathogenesis (Henderson and Lam 2001) . Members of this family are surprisingly less abundant in Simkania, Waddlia, and the Parachlamydiaceae, suggesting that the expansion of this family was associated with the diversification of the Chlamydiaceae and the adaptation to human and mammalian hosts. In Simkania, three homologs of PmpB could be identified. They show low sequence similarity to the Chlamydiaceae Pmps but possess leader peptides and C-terminal autotransporter domains and
.FXXN motifs (Henderson and Lam 2001).
Taken together, the outer membrane of the members of the Chlamydiae shows only few conserved features and is highly divergent with respect to protein composition. This is also supported by recent experimental and in silico analyses of Protochlamydia outer membrane proteins (Heinz et al. 2009; Heinz, Pichler, et al. 2010) . In addition, a cluster analysis of all predicted outer membrane proteins further illustrates the distinctness of Simkania, Waddlia, and the Parachlamydiaceae from the Chlamydiaceae (supplementary fig. S4, Supplementary Material online) . The compositional diversity of the outer membrane likely reflects the recognized versatility of Simkania, Waddlia, and the Parachlamydiaceae with respect to protozoan hosts compared with the Chlamydiaceae.
Putative Virulence Genes Not Present in the Chlamydiaceae
In contrast to the Chlamydiaceae, the pathogenic potential of Simkania, Waddlia, and Parachlamydiaceae is not as clear based on available clinical and experimental data (Greub and Raoult 2002; Friedman et al. 2003) . Whereas there are millions of documented cases for the Chlamydiaceae each year worldwide, data for Simkania, Waddlia, and Parachlamydiaceae as disease agents are limited. In addition, the inconsistent occurrence of Chlamydiaceae virulence-associated proteins in these organisms observed in this study does not allow an unambiguous conclusion to be drawn (table 2) . Although Simkania, Waddlia, and the Parachlamydiaceae are lacking a number of virulence-associated proteins of the Chlamydiaceae, they encode other putative virulence factors identified either by similarity to eukaryotic domains or to bacterial proteins with confirmed virulence function.
A remarkable overrepresentation of proteins containing eukaryotic domains was recently observed in the genomes of bacteria that are associated with protozoa (SchmitzEsser et al. 2010 ). This trend is also evident in the genomes of Simkania, Waddlia, and Parachlamydia that contain 29, 17, and 48 proteins, respectively, with predicted eukaryotic domains (supplementary table S12, Supplementary Material online). The most abundant eukaryotic domains are Fbox and ankyrin domains, which are important for protein-protein interactions and mediate interaction with the host cell in other pathogenic bacteria. For example, for Legionella, it was shown that ankyrin repeat proteins are necessary for intracellular proliferation in protozoan and mammalian hosts (Habyarimana et al. 2008; Price et al. 2010 ). Other eukaryotic domains include SET, patatin, ERG4_ERG24, SNARE-associated, WD40, TPR_1, and leucine-rich repeats (supplementary table S12, Supplementary Material online). It seems very likely that these proteins are secreted into the host cell to mediate host cell interaction.
Simkania, Waddlia, and the Parachlamydiaceae encode the protein Dps (DNA-binding protein from starved cells). Originally, proteins of the Ferritin/Dps family were implicated only in iron storage and during oxidative stress response. However, the Dps of the amoeba symbiont Legionella jeonii responds to the hydrogen peroxide and phagocytic activity of its host, thereby protecting its DNA during host cell invasion (Park et al. 2006) . Dps is also important for resistance to host cell phagocytosis and for establishing a productive infection in human pathogens such as Salmonella enterica (Halsey et al. 2004) .
Simkania, Waddlia, and the Parachlamydiaceae encode proteins belonging to the thermolysin family M4. Members of this enzyme family are secreted metallopeptidases that degrade extracellular proteins. Many metallopeptidases play important roles in disease pathogenesis such as k-toxin of Clostridium perfringens or the M4 thermolysin-like peptidases of Helicobacter pylori, Vibrio cholerae, and Legionella spp. (Adekoya and Sylte 2009).
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A Conjugative Plasmid in Simkania
Most members of the Chlamydiaceae bear a 7.5-kb plasmid that is considered a virulence factor as it encodes proteins involved in transcriptional regulation of chromosomal genes important for in vivo infectivity (Olsen et al. 2007; Carlson et al. 2008; O'Connell et al. 2011) . Waddlia chondrophila WSU 86-1044 harbors a 15.6-kb plasmid (pWc) encoding 22 predicted proteins from which only two show similarity with proteins encoded by the plasmids of the Chlamydiaceae (Bertelli et al. 2010) . Nine of the pWc proteins have homologs in the W. chondrophila 2032/99 genome; however, these are distributed over five contigs suggesting chromosomal integration in this strain.
Whereas a plasmid was not found in Parachlamydia or Protochlamydia, Simkania harbors a 132-kb plasmid that is approximately ten times larger than those of the Chlamydiaceae and Waddlia (table 1) . This plasmid, pSn, resembles an F-type conjugative plasmid encoding 138 predicted proteins. Typically F-plasmids carry modules for plasmid stability, replication, adaptation, and propagation (reviewed in Norman et al. 2009 ), and there is evidence for the presence of all these components on pSn (supplementary text and table S13, Supplementary Material online). Several proteins encoded on pSn play a potential role in host adaptation. Some of these are involved in protection against heavy metals, whereas others are involved in metabolic processes like starch and glycerophospholipid metabolism. Some proteins are present that could play a role in pathogenicity or host cell interaction, including 1 of 3 Mip homologs of Simkania (supplementary text and supplementary table S13, Supplementary Material online).
A putative type IV secretion (T4S) system encoded in the tra region of pSn may be used for plasmid propagation via conjugation (supplementary table S13, Supplementary Material online; Anthony et al. 1999; Lawley et al. 2003; Smillie et al. 2010) . The T4S tra region has high synteny to the chromosomal tra regions of Rickettsia bellii (Ogata et al. 2006) and Protochlamydia (Greub et al. 2004; Horn et al. 2004) (fig. 5A) . Remnants of the tra region could also be identified in the Parachlamydia genome, whereas Waddlia appears to lack the tra region. Simkania encodes 15 predicted components of the T4S machinery on pSn (supplementary table S13, Supplementary Material online). Among them are the coupling protein (TraD F ), components needed for mating pair formation (TraL F , -E F , -K F , -B F , -C F , -W F , -U F , -H F , TrbC F ), and proteins needed for mating pair stabilization (TraN F , -G F ; fig. 6A ). Other functions generally encoded within F-plasmid tra regions are missing in pSn. TraT F and TraS F , which enable surface and entry exclusion and thus prevent redundant plasmid exchange, are not present on pSn. Notably, proteins involved in DNA transport, TraM F , TraJ F , and TraY F , which participate in relaxosome formation, and the relaxase TraI F are missing. Instead, similar to R. bellii, pSn encodes two proteins commonly found on the Agrobacterium tumefaciens Tiplasmid, TraA Ti and TraD Ti (Ogata et al. 2006) .
Taken together, pSn meets all criteria of a typical conjugative plasmid with highest similarity to F-type plasmids.
pSn is thus the first example of a mobilizable conjugation system in the Chlamydiae. Chlamydiae cannot be readily manipulated genetically, and methods to generate targeted mutants became available only very recently (Heuer et al. 2007; Binet and Maurelli 2009; Kari et al. 2011) . A conjugative plasmid might be an alternative, feasible way for genetic manipulation using Simkania as a model organism.
The Evolutionary History of Chlamydial Plasmids
Phylogenetic analysis of three F-plasmid-like conjugative proteins present in Simkania, Parachlamydia, and Protochlamydia (TraUNF) demonstrated that the evolutionary history of the chlamydial T4S system matches the phylogeny inferred from 16S rRNA analysis and concatenated conserved proteins (figs. 2 and 5B). Thus, the tra region has long been present in Simkania and the Parachlamydiaceae. The most parsimonious scenario for its evolutionary history is that it was acquired by a progenitor of the Simkaniaceae, the Parachlamydiaceae, and the Waddliaceae. Although it was lost in the Waddliaceae, a (partial) T4S system is still encoded on the chromosomes of the Parachlamydiaceae and maintained on the Simkania plasmid ( fig. 5A ). Is it possible that the acquisition of a conjugative plasmid by chlamydiae is even more ancient? Could a single conjugative plasmid represent the source of all chlamydial plasmids, including the plasmids of the Chlamydiaceae? Plasmids of the Chlamydiaceae are known to share a common ancestor (Thomas et al. 1997) , and the presence of plasmid-encoded proteins of the Chlamydiaceae on the Simkania plasmid pSn (n 5 3) and the W. chondrophila WSU 86-1044 plasmid pWc (n 5 2) indeed supports a common evolutionary origin of all chlamydial plasmids ( fig. 6A ). In addition, homologs of plasmid-encoded proteins of the Chlamydiaceae are found on the chromosomes of Simkania, Waddlia, Protochlamydia, and Parachlamydia.
We speculate that the large Simkania plasmid pSn resembles most closely the conjugative plasmid originally acquired by the chlamydial ancestor. This original plasmid was subsequently reduced in size due to gene loss, and some of its genes moved to a chromosomal location ( fig. 6B ). In support of this hypothesis, more than 20 homologs of pSn proteins are present in the Parachlamydiaceae and Waddlia ( fig. 6A ). Similar to the situation in the rickettsiae where most species infecting vertebrates have lost the plasmid genes involved in conjugation (Gillespie et al. 2007 (Gillespie et al. , 2010 Weinert et al. 2009 ), these genes are absent in the genomes of extant Chlamydiaceae.
The detection of traces of the evolutionary history of the chlamydial plasmid is consistent with the organismal phylogeny and suggests a single acquisition although subsequent lineage-specific diversification might be counterintuitive. However, plasmid mobility is generally confined within larger clades (Smillie et al. 2010) , and the obligate intracellular lifestyle of the Chlamydiae has likely hampered the exchange of plasmids between phylogenetically different chlamydiae and between chlamydiae and other bacteria. Clues for the origin of the chlamydial conjugative plasmid are available from phylogenetic analysis of the tra region, which indicates a close relationship of the chlamydial and rickettsial T4S. This is further supported by the mosaic structure of the tra region consisting of genes of F-plasmid and Ti-plasmid origin in Simkania and some rickettsiae ( fig. 5 ). All Rickettsiales T4S systems share a common ancestor, and the acquisition of T4S is considered a key event during the transition of the rickettsiae to an intracellular lifestyle (Gillespie et al. 2010) . The chlamydial T4S system is most closely related to that of R. bellii, Rickettsia massiliae, and Orientia tsutsugamushi in TraUNF-based phylogenetic trees ( fig. 5B ), suggesting that chlamydial and rickettsial plasmids share a common evolutionary history. Although it seems likely that the chlamydiae have acquired a conjugative plasmid from a rickettsial progenitor, phylogenetic analysis of additional T4S proteins failed to provide a clear picture of the direction of transfer.
Chlamydiae and the Evolution of Plants
The comparison of genomic data from all domains of life revealed an unusually large proportion of chlamydial proteins with close relationship to plant proteins, suggesting at least a transient association of these organisms and horizontal gene transfer during their early evolutionary history (Stephens et al. 1998; Brinkman et al. 2002; Horn et al. 2004; Huang and Gogarten 2007; Tyra et al. 2007; Becker et al. 2008; Moustafa et al. 2008; Suzuki and Miyagishima 2010) . This surprising finding led to the hypothesis that an ancient endosymbiotic Protochlamydia-like bacterium resided in the progenitor of extant plant cells (Huang and Gogarten 2007; Moustafa et al. 2008) . In this scenario, the Protochlamydia-like bacterium facilitated the establishment of the cyanobacteria-derived plastid in the primary photosynthetic lineage by contribution of genes (and gene products), which were transferred eventually to the nucleus of the plant ancestor. We further investigated this hypothesis and the occurrence of horizontal gene transfer between chlamydiae and plants by applying a comprehensive phylogenomic approach in the light of an extended data set including additional Plantae (Viridiplantae and Rhodophyta) (Adl et al. 2005 ) as well as Simkania, Waddlia, and the Parachlamydiaceae (supplementary table S14, Supplementary Material online).
In this analysis, 53 chlamydial proteins show a commonorigin with Plantae proteins in maximum likelihood-based phylogenies with bootstrap support values above 70% (table 3, supplementary table S15 , Supplementary Material online). This number is comparable to the number of chlamydial proteins in plant genomes identified earlier, but remarkably, these sets of proteins only overlap partly (n 5 29) (Stephens et al. 1998; Brinkman et al. 2002; Horn et al. 2004; Huang and Gogarten 2007; Tyra et al. 2007; Becker et al. 2008; Moustafa et al. 2008; Suzuki and Miyagishima 2010) . There are two reasons why several plant proteins with a reported close relationship to Chlamydiae could not be confirmedin thisstudy.First, we used a significantly larger data set than previous studies, and in our analyses, several proteins showed closer relationships to proteins of other organisms whose genomes were not available earlier. Second, a number of plant proteins with similarity to chlamydial proteins were not supported by our more stringent approach.
Among the chlamydial proteins showing a common origin with Plantae proteins in this study, ten different scenarios for their evolutionary history can be distinguished based on the phylogenetic trees obtained (table 3, supplementary  table S15 , Supplementary Material online). In 31 cases, the phylogenetic trees suggested the acquisition of chlamydial genes by the ancestor of all Plantae from a chlamydial progenitor (scenarios I-VI). In seven cases, chlamydial proteins grouped together only with a subgroup of the Plantae (scenarios VII and VIII), and for nine cases, the direction of gene transfer is less clear (scenario IX and X).
The largest fraction of functionally characterized plant proteins potentially acquired from a chlamydial ancestor is involved in carbohydrate metabolism and energy production (n 5 12, 23%; supplementary table S15, Supplementary Material online), including some important housekeeping genes encoding,for example,malatedehydrogenase,akeyenzymein the tricarboxylic acid cycle, or phosphoglycerate mutase required for glycolysis. Metabolite transporters including nucleotide transporters, which have been proposed to play an essential role during the early interaction of chlamydiae, cyanobacteria, and plants, are not overrepresented in our set of horizontally acquired proteins (Huang and Gogarten 2007; Tyra et al. 2007) . Five plant proteins of chlamydial origin found in this study function in lipid metabolism, including the deoxyxylulose 5-phosphate pathway which has been identified earlier as being horizontally acquired from bacteria (Lange et al. 2000) andwhichisusedforbiosynthesisofisopentenyldiphosphate (a precursor of carotinoids, chlorophyll side chains, plastoquinone, mono-, and diterpenes). Three out of seven enzymes involved in this pathway are of chlamydial origin, whereas the remaining proteins are derived from other bacteria. Nine (17%) horizontally transferred proteins play a role in translation and include tRNA synthetases and tRNA and rRNA modification enzymes. Thus, most of the plant proteins of chlamydial origin are involved in basic plant metabolism,supportinganancientcontributionofchlamydiaeto extant plant genomes. Taken together, this analysis extends previous studies and provides further evidence for a primordial interaction between the progenitors of modern chlamydiae and plants including the occurrence of horizontal gene transfer from chlamydiae to the ancestral primary photosynthetic eukaryote.
Conclusions
This first analysis of genome sequences of representative members from four families within the phylum Chlamydiae provided novel insights into genetic diversity and genome evolution of this unique group of obligate intracellular bacteria. Using a pan-genome approach, we were able to highlight both conserved features such as the core gene set of the Chlamydiae as well as group-specific characteristics including a chemosensory system in Parachlamydia and the largest plasmid yet seen among the Chlamydiae in Simkania. The definition of a core gene set characteristic to all chlamydiae regardless of their primary hosts will help to identify those genes responsible for the unique chlamydial developmental cycle. Virulence-associated proteins among the Chlamydiae varied widely, perhaps highlighting the extent of varying selection effects due to their largely different eukaryotic host cells, from amoeba to humans. Simkania, which is capable of efficiently infecting both amoeba and humans, may represent a valuable model organism to investigate the adaptation of chlamydiae to human hosts. Analysis of the large conjugative plasmid of this organism suggested a common evolutionary origin of all known chlamydial plasmids; its acquisition might have been involved in the transition to an obligate intracellular lifestyle.
Among all chlamydiae, Parachlamydia shows the least truncated metabolic pathways. A recent study suggested that chlamydiae are metabolically active outside of their host cells for extended time periods (Haider et al. 2010 ). Similar to the strategy used for cell-free cultivation of the intracellular bacterium Coxiella burnetii (Omsland et al. 2009) , it might be possible to use the available genome sequence information reported here to create a culture medium for Parachlamydia. As an organism that remains recalcitrant to experimental investigations, a cell-free culture would open up a new range of possibilities to explore chlamydial biology.
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